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Equation of State
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Equation of State
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Energy in Uniform Matter
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Nuclear Masses
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Nuclear Masses
Mass formula

E = Enucl + ECouI = EO + E1 + Emic + ECouI

Bulk contribution to the energy of a symmetric nucleus:
Eo(A) = —ay A+ agA2® + ...

Symmetry energy:

N — Z)? T2
E\(N,Z) = aa(A) (A) ~ 4aim) =
Isospin invariance (charge invariance):
T2 T2 T3 + T2 T(T+1
E1 — 4aa WZ — 4337 — 4aa % — 4aa (/4)
e.g. Janecke et al., NPA728(03)23 @€
o
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Nuclear Masses
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Nuclear Masses
Mass formula

E = Enucl + ECouI = EO + E1 + Emic + ECouI

Bulk contribution to the energy of a symmetric nucleus:
Eo(A) = —ay A+ ag A% + ...

Symmetry energy:

N — Z)? T2
E\(N,Z) = aa(A) (A) ~ 4aim) =
Isospin invariance (charge invariance):
T2 T2 T3 + T2 T(T+1
e.g. Janecke et al., NPA728(03)23 @€
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Nuclear Masses
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Symmetry Coefficient Nucleus-by-Nucleus
Mass formula generalized to the lowest state of a given T:

T(T +1
E(AT.T,) = Eo(A) + 4aa(A) L) L B4 Eo

In the ground state T takes on the lowest possible value
T =|T;| = |N — Z|/2. Through '+1" most of the Wigner term absorbed.

?Lowest state of a given T: isobaric analogue state (IAS) of

some neighboring nucleus ground-state.
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Peak into IAS Analysis
IAS data: Antony et al. ADNDT66(97)1

Shell corrections: Koura et al. ProTheoPhys113(05)305
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Nuclear Masses
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as(A) without Shell Corrections

A Ejs IAS data: Antony et al.
a(A) = 1 A7 ADNDT66(97)1
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Lines: fits to a,(A) assuming volume-surface competition
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Nuclear Masses
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as(A) with Shell Corrections
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Sensitivity to Shell Corrections
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Skyrme-Hartree-Fock
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Test of A~'/3-Expansion
Symbols: results of spherical no-Coulomb
Skyrme-Hartree-Fock calculations w/codes by P.-G. Reinhard.
Lines: vqume—sAurface decomposition

A
500 100 40 20 10 6 500 100 40 20 10 6
L ! ! ! ! ! ] F I I I I I ]
[ ® SHF i 0.12~ o syr -]
L fines: E/A:7av.+asA ” ] [ lines: a, ' =(a)) " +(a5)ta7"/? ]
— expectation e r ’ A
5" —- 30<A<R40 SHF fit s 0.10{— — expectation ]
1 ~ [ —- do<aczdosursit ® o, 7 J
E ] ‘% 0 08: g ]
~ —10+H — 5 : . 4
N r 7 [ ]
r 1 © 0.06 O -]
15 SKb, no Coulomb | i ]
N:Z' ] 0.04 7 SKb, no Coulomb _]
[N S D B N DU PO ST P P P P
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
A8 ATV -

B

Isoscalar & isovector contributions f/sample Skyrme.
Expectations from half-co matter.

Z|
9
@)
(=]

Symmetry Energy Danielewicz & Lee



Skyrme-Hartree-Fock
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Can S(p) Be Constrained??!

Pearson (X = (XY = (V)
oot VI DR ()R
|r| ~ 1 - strong correlation  12F | | | E
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p 06f
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Nearly no information about S(p)!
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Skyrme-Hartree-Fock
oe

a, (MeV)

Constraints on Symmetry Energy S(p)

Demand that Skyrme approximates IAS results at A > 30
produces a constraint area for S(p):
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Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 24 Mev to a; ~ 9MeV for A < 8.
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Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 24 Mev to a; ~ 9MeV for A < 8.

@ For A = 25, ay(A) may be fitted with
az' = (a¥)' +(ad)"' A /3, where a¥ ~ 35MeV and
as ~ 10MeV.

%

Z|
9
@)
(=]

Symmetry Energy Danielewicz & Lee



Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 24 Mev to a; ~ 9MeV for A < 8.

@ For A = 25, ay(A) may be fitted with
az' = (a¥)' +(ad)"' A /3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.
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Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 24 Mev to a; ~ 9MeV for A < 8.

@ For A = 25, ay(A) may be fitted with
az' = (a¥)' +(ad)"' A /3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.

@ Significant, +-(1-2) MeV, constraints on S(p) at densities
p =(0.05-0.13) fm 3.
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Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 24 Mev to a; ~ 9MeV for A < 8.

@ For A = 25, ay(A) may be fitted with
az' = (a¥)' +(ad)"' A /3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.

@ Significant, +-(1-2) MeV, constraints on S(p) at densities
p =(0.05-0.13) fm 3.

To do: charge radii, skins.
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Conclusions
[ ]

Conclusions

@ Symmetry-energy term weakens as nuclear mass number
decreases: from a; ~ 24 Mev to a; ~ 9MeV for A < 8.

@ For A = 25, az(A) may be fitted with
az' = (a¥)' +(ad)"' A /3, where a¥ ~ 35MeV and
as ~ 10MeV.

@ Weakening of the symmetry term can be tied to the
weakening of S(p) in uniform matter, with the fall of p.

@ Significant, +-(1-2) MeV, constraints on S(p) at densities
p =(0.05-0.13) fm 3.

To do: charge radii, skins.
Overlap with George?? Happy Birthday!!
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n & pin Nucleus
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Symmetry Energy in the Binding Formula
Bethe-Weizsécker formula: ) )
z (N-2)
In the standard formula a,(A) = a2 ~ 21 MeV, the symmetry

term has purely volume character.

E=-ayA+ag A28 +ac = +Emic

Q
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n & pin Nucleus
@00

Symmetry Energy in the Binding Formula

Bethe-Weizsacker formula:

) 2
E=-ayA+asA?®+ac—r < (N-2)°

A1/3 +aa(A) A
In the standard formula a,(A) = a2 ~ 21 MeV, the symmetry
term has purely volume character.

A-dependent symmetry coefficient?? Q

+Emic
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n & pin Nucleus
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Symmetry Energy in the Binding Formula

Bethe-Weizsacker formula:

) 2
E=-ayA+asA? +ac < (N-2)°

aia el
In the standard formula a,(A) = a2 ~ 21 MeV, the symmetry
term has purely volume character.

A-dependent symmetry coeff|C|ent’7'? Capamtor analogy: Q
Nuclear:  E = —a, A+ as A2 + A 2(N—2)?

+Emic

— Ey(A) + % (N—Z)2
02 Q=N-Z7
Electrostatic: E=E+— 2C C— i
©n
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n & pin Nucleus
@00

Symmetry Energy in the Binding Formula

Bethe-Weizsacker formula:

) 2
E=-ayA+asA? +ac < (N-2)

aia el
In the standard formula a,(A) = a2 ~ 21 MeV, the symmetry
term has purely volume character.

A-dependent symmetry coeff|C|ent’7'? Capamtor analogy: Q
Nuclear:  E = —a, A+ as A2 + A 2(N—2)?

+Emic

= Eo(A)+ 2 (N - 2)?
02 Q=N-Z
Electrostatic: E=E+— 2C c— i
28, ©
Note: For coupled capacitors, capacitances add up. @é

Contributions to C with different A-dependence??

Symmetry Energy Danielewicz & Lee
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A-Dependence of Symmetry Coefficient
E.g. volume-surface breakdown of energy & asymmetry:

E=Es+ Ey N*Z:(stzs)jL(N\/fZ\/)
_ % (NV - ZV)2 . 2/3 S (NS - 28)2
EV*aVAJFaaf ES—aSA +83T
under charge symmetry, i.e. N «+» Z invariance.
p Pn
Pp
(o] R, R, T
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n & pin Nucleus
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A-Dependence of Symmetry Coefficient
E.g. volume-surface breakdown of energy & asymmetry:

E=Es+ Ey N—Z:(Ns—ZS)+(Nv—Zv)
Ny — Zy)? / Ns — Zs)?
Ev:avA+a‘,‘j/7( v 7 v) ES:aSAZ/3+a§7( SAZ/SS)

under charge symmetry, i.e. N «+» Z invariance.
Minimization of the energy E with respect to (N — Z) partition

between volume and surface yields: p o
(N—2)
E:E0+E3:E0+m Pp
ag a3 0 Ro R, r
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n & pin Nucleus
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A-Dependence of Symmetry Coefficient
E.g. volume-surface breakdown of energy & asymmetry:

E=Es+ Ey N—Z:(Ns—ZS)+(Nv—Zv)
Ny — Zy)? / Ns — Zs)?
Ev:avA+a‘,‘j/7( v 7 v) ES:aSAZr/3+a§7( SAz/,SS)

under charge symmetry, i.e. N «+» Z invariance.
Minimization of the energy E with respect to (N — Z) partition

between volume and surface yields: p o
(N—2)
E:E0+Ea:E0+m pp
ag a3 0 Ro R, r

Capacitance for asymmetry:
A A A3
2C=——==— +—%
aa(A) ay as

volume capacitance  surface
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A-Dependence of Symmetry Coefficient
E.g. volume-surface breakdown of energy & asymmetry:

E=Es+ Ey N—Z:(Ns—ZS)+(Nv—Zv)
Ny — Zy)? / Ns — Zs)?
Ev:avA+a‘,‘j/7( v 7 v) ES:aSAZr/3+a§7( SAz/,SS)

under charge symmetry, i.e. N «+» Z invariance.
Minimization of the energy E with respect to (N — Z) partition

between volume and surface yields: p o
N — Z)?
E:EO—FEa:EO—F% Pp
ay a; o R, R, T
Capacitance for asymmetry:
A A A2
2C= ax(A) ~ aY T s Myers&Swiatecki EO
: AnnPhys55(69)395 |9

volume capacitance  surface

Danielewicz & Lee
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More on the Analogy

Asymmetry chemical potential
(e difference of n & p separation energies)

__9% 1w Q
Ha=aiIN—Zz) 2\ Ir
_ 2a,(A) B
Analogy: Voltage

oE 1 A
©
©n
NSCL
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n & pin Nucleus
ooe

More on the Analogy

Asymmetry chemical potential
(e difference of n & p separation energies)

__9% 1w Q
Ha=aiIN—Zz) 2\ Ir
_ 2a,(A) B
Analogy: Voltage
oE 1 A

Connected capacitors end up at the same voltage;
charge distributes itself in proportion to capacitance.
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n & pin Nucleus
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Invariant Densities

Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — 2) for given A.

Symmetry Energy Danielewicz & Lee



n & pin Nucleus
[ le]

Invariant Densities
Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — 2) for given A.
pp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. .. Similar local normalizing
factor, in terms of intense quantities, 2aY /.2, where a = S(po)

Danielewicz & Lee
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n & pin Nucleus
[ le]

Invariant Densities
Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A. [Coulomb suppressed...]
pp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. .. Similar local normalizing
factor, in terms of intense quantities, 2aY /.2, where a = S(po)

Asymmetric density (formfactor for isovector density) defined:
v

2a
pa(r) = /Ta [pn(r) = pp(r)]
a
Normal matter: pz = po. Both p(r) & pa(r) weakly depend on n!
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n & pin Nucleus
[ le]

Invariant Densities
Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A. [Coulomb suppressed...]
pp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. .. Similar local normalizing
factor, in terms of intense quantities, 2aY /.2, where a = S(po)

Asymmetric density (formfactor for isovector density) defined:
v

2a
pa(r) = /Ta [pn(r) = pp(r)]
a
Normal matter: pz = po. Both p(r) & pa(r) weakly depend on n!

In any nucleus:

Pn,p(r) = % [/)(I’) + 2271//)‘3(”)]

where p(r) & pa(r) have universal features!

Symmetry Energy Danielewicz & Lee



n & pin Nucleus
[ le]

Invariant Densities
Net density p(r) = pn(r) + pp(r) is isoscalar = weakly depends
on (N — Z) for given A. [Coulomb suppressed...]
pp(r) = pn(r) — pp(r) isovector but A ppp(r)/(N — Z) isoscalar!
A/(N — Z) normalizing factor global. . . Similar local normalizing
factor, in terms of intense quantities, 2aY /114, where a¥ = S(po)

Asymmetric density (formfactor for isovector density) defined:
v

palr) = 2;’ [on(F) — po(P)]

Normal matter: pz = po. Both p(r) & pa(r) weakly depend on n!

In any nucleus: 1 "
a
prp(r) = 5 [p(r) = pay el )]

)

where p(r) & pa(r) have universal features! G
No shell-effects, p’s as dynamic vbles: Hohenberg-Kohn functio
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Asymmetric Density

1

pnp(r) = > [P(r) + %Pa(r)]
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n & pin Nucleus
o] ]

Asymmetric Density

1 I
pnp(r) = > [P(r) + ﬁpa(r)]
Related to az(A) & to S(p)!
A 2(N-2) Pnp 1 /
2C = = =2 | dr— = — [ drpa(r
aa(A) Ha Ha ay pall)

%

2l
(%)
@)
(=i

Symmetry Energy Danielewicz & Lee



n & pin Nucleus
o] ]

Asymmetric Density

1 I
pnp(r) = > [,o(r) + ﬁﬂa(r)]
Related to az(A) & to S(p)!
A 2(N - 2) Prp 1 /
2C = = =2 [dr— = — [ drpa(r
as(A) Ha Ha ag pall)
In uniform matter )
OE f)[S(/)) /)np//)] 2 S(P)
Ha = 3 = P = Pnp
O(N — 2) Opnp p
2a) aylp E9
= )a— —— Ppp = ———~
b= PP S() On

Symmetry Energy Danielewicz & Lee



n & pin Nucleus
o] ]

Asymmetric Density

1 I
pnp(r) = > [,o(r) + ﬁﬂa(r)]
Related to az(A) & to S(p)!
A 2(N-2) Pnp 1 /
2C = = =2 [dr— = — [ drpa(r
as(A) Ha Ha ag pall)
In uniform matter )
OE f)[S(/)) /)np//)] 2 S(P)
Ha = 3 = P = Pnp
2a) aylp E9
= )a— —— Pnp = ———~
b= PP S() On

n&p densities carry record of S(p)!
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n & pin Nucleus
o] ]

Asymmetric Density

1

pnp(r) = > [p(r) + %Pa(r)]

Related to az(A) & to S(p)!

2C = A :Q(N_Z):2/dr'0npza1v/drpa(l’)
a

aa(A) Ha Ha
In uniform matter
OE 9[S(p) p5p/Pl 2 S(p)
,Ua f— I f— I f— I{)np
2a) ayl p E9
= Pa=— Pnp = a ~
P e PP S() on

n&p densities carry record of S(p)! = Hartree-Fock study=of surface
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Nuclear Masses
[ ]

Z-Dependence of Symmetry Coefficients?
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Skyrme-Hartree-Fock
°

Comparisons to SHF
Issues in data-theory comparisons (codes by P.-G. Reinhard):

42Cl

ay(re) [Mev]
8
[
i

Symmetry Energy

Solution: Procedure
that yields the same
results as the energy,
in the bulk limit, but is
weakly affected by shell

effects:
(N=2)r<r,  Crar,
N-Z C
A [ o @2

B Aa“{ Jr<re S(p)
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